Abstract 23
The role of hyaline hairs on the thallus of brown-algae in the genus Fucus is long debated 24 and several functions have been proposed. We used a novel motorized setup for 2D-and 25 3D-mapping with O2-microsensors to investigate the spatial heterogeneity of the diffusive 26 boundary layer (DBL) and O2 flux around single and multiple tufts of hyaline hairs on 27 the thallus of Fucus vesiculosus. Flow was a major determinant of DBL thickness, where 28 higher flow decreased DBL thickness and increased O2 flux between algal thallus and the 29 surrounding seawater. However, the topography of the DBL varied and did not directly 30 follow the contour of the underlying thallus. Areas around single tufts of hyaline hairs 31 exhibited both increased and decreased DBL thickness as compared to areas over smooth 32 thallus surfaces. Over thallus areas with several hyaline hair tufts, the overall effect was 33 a local increase in the DBL thickness. We also found indications for advective O2 34
Introduction 44
Aquatic macrophytes are limited compared to their terrestrial counterparts by the ~10 4 45 slower diffusion and a much lower solubility of gases in water than in air [1, 2] . The 46 efficient exchange of nutrients and gases is further exacerbated by the diffusive boundary 47 layer (DBL) surrounding all submersed surfaces [3] . The thickness and topography of 48 diffusive boundary layers around submerged impermeable objects is affected by flow 49 velocity and surface topography [3] . Higher flow velocities decrease the DBL thickness 50 by exerting a higher shear stress on the viscous sublayer near the surface. The effect of 51 surface roughness on DBL thickness is variable, where angled planes facing the flow 52 generally will have decreased boundary layers, while the DBL downstream of protruding 53 structures will have increased boundary layers. At the same time, the effect of surface 54 roughness on mass transfer across a boundary layer is dichotomous, where a thicker DBL 55 will decrease mass transfer, while surface roughness tends to increase the overall surface 56 area increasing mass transfer [3] . In microsensor-based studies of the DBL, it is important 57 to note that the presence of the microsensor tip in itself can affect the local DBL thickness 58 [4] , where flow acceleration around the microsensor shaft will compress the local DBL 59 thickness leading to locally enhanced O2 fluxes in the order of 10%. However, this effect 60 is only significant when investigated on smooth surfaces, while a clear effect is apparently 61 undetectable when measured over tufts in e.g. a cyanobacterial mat [5] . 62
It has been estimated that the DBL accounts for up to 90% of the resistance to carbon 63 fixation in freshwater plants [6] , and structural-and biochemical regulations to alleviate 64 such mass transfer resistance have evolved across lineages. Some aquatic macrophytes 65 have e.g. developed i) thinner leaves and a reduced cuticle that decreases the diffusion 66 path length to chloroplasts, ii) carbon concentrating mechanisms that increase internal 67 carbon concentration, and iii) the ability to utilize HCO3which constitutes the largest 68 fraction of dissolved inorganic carbon at ocean pH ([7], [8] and references therein). In 69 photosymbiotic corals it has also been proposed that vortical ciliary flow can actively 70 enhance mass transfer between the coral tissue and the surrounding water in stagnant or 71 very low flow regimes with concomitant thick diffusive boundary layers [9] . 72
Hyaline hairs, i.e., colourless, filamentous multicellular structures, are often observed as 73 whitish tufts on the thallus of brown macroalgae in the genus Fucus. The hairs originate 74 and are anchored in cryptostomatal cavities on the apical-and mid-regions of the thallus 75
[10]. It is recognized that hyaline hairs aid in the uptake of nutrients [11, 12] e.g. during 76 springtime, when photosynthetic potential is higher due to increased light levels and the 77 need for nutrients apparently triggers growth of hyaline hairs [10] . 78
How hyaline hairs affect solute exchange and nutrient acquisition in Fucus is still debated, 79 although a number of suggestions currently exist in the literature suggesting that: i) the 80 hairs increase the algal surface area available for nutrient uptake, albeit this is probably 81 not the major limitation on nutrient uptake [11] ; ii) the hyaline hairs might decrease the 82 diffusive boundary layer (DBL) due to turbulence created by the hairs as water flows 83 across them, decreasing the mass resistance imposed by the DBL [11]; iii) the thin cell 84 walls of the hairs relative to the thallus could have less resistance to the passage of ions 85 [13, 14] ; iv) the hyaline hairs increase DBL thickness, thereby retaining the products of 86 thallus surface-active enzymes such as extracellular phosphatases and ensuring more 87 efficient nutrient uptake [14] . 88
There can be no doubt, however, that the DBL has great importance for macroalgal 89 growth rates. The mass resistance imposed by the DBL has been correlated with nutrient 90 [24] and the aim of this study was to explore how the DBL thickness and the local O2 flux 98 varied spatially over the thallus of F. vesiculosus with and without tufts of hyaline hairs. 99
Such first time exploration of the 3D DBL topography was done with O2 microsensors 100 mounted in a fully automated motorized micromanipulator system that allowed 101 measurements of DBL transects and grids over the thallus of F. vesiculosus (Fig. S1 ). Our 102 results reveal a complex DBL landscape over the algal thallus, where mass transfer across 103 the DBL apparently can be supplemented by advective processes due to the presence of 104 hyaline hairs. where C is the O2 concentration in the free-flow region (µmol O2 L -1 = nmol O2 cm -3 ), 205 C0 is the O2 concentration at the thallus surface (µmol O2 L -1 ), Z is the effective DBL 206 thickness (cm), and D0 is the molecular diffusion coefficient of O2 in seawater (cm 2 s -1 ). 207
To compensate for the uneven surface of thalli, measurements below the thallus surface 208 are not shown on final transects. The depth axis on transects is therefore denoted z' = z -209 z0 , where z is the z-coordinate from the sample data, and z0 is the z-coordinate of the 210 thallus surface. The thallus surface position was determined from the intermittent sudden 211 drop in O2 concentration when the microsensor pushed against the thallus surface cortex. 212
Maps of O2 concentration, Z, and J were generated from measured transects and grids 213 using data interpolation software (Kriging gridding method using default settings, i.e. The DBL around single tufts of hyaline hairs 229
Isopleths of O2 concentration in the water column above the thalli showed a local increase 230 in effective DBL thickness, Z associated with the hyaline hair tuft (Fig. 1) , with highest 231 Z values located downstream from the hyaline hairs, either directly behind the tuft or 232 even within the expanse of the hyaline hairs. In light (350 µmol photons m -2 s -1 ), and at a 233 flow of 1.65 cm s -1 , Z reached a maximum thickness of 1.2 mm downstream relative to 234 the tuft at y = -0.5 mm (Fig. S2, S3A) , while under a flow of 4.88 cm s -1 , the maximum 235 Z was reduced to 0.6 mm at y = -2.5 mm (Fig. S3A ). In darkness, the maximal Z values 236 were 0.9 mm and 0.4 mm at y = -2 mm and y = 0 mm under flows of 1.65 and 4.88 cm s -237 1 , respectively. The mean Z did not change significantly (p<0.05) between measurements 238 in light and darkness (Fig. S3B) The hyaline hairs affected Z downstream from the hair tuft ( Fig. 1A,B ) causing a 244 thickening of the DBL that also expanded perpendicular to the flow direction (Fig. 1C,D) , 245 reaching a maximum expansion at y = -2 mm at both flows (ZMax= 1.8 mm for 1.65 cm 246 s -1 and ZMax=0.9 mm for 4.88 cm s -1 ). Beyond the local peak in boundary layer thickness, 247 the DBL closely followed the contours of the thallus surface topography. Two transects 248 measured at higher resolution along the x-axis at y=-2 mm showed that the increase in Z 249 was roughly identical and extended ~1 mm on both sides of the hyaline hair tuft ( Fig.  250 1C,D). At distances >1 mm away from the local maximum, the DBL thickness 251 approached a lower more homogeneous DBL thickness over thallus areas unaffected by 252 the hair tuft. 253
Unexpectedly, a transect of O2 concentrations above the illuminated thallus at y= -2 mm 254 in the x direction, i.e., perpendicular to the flow, showed a local O2 increase followed by 255 a decrease in oxygen concentration that was apparently independent of Z (Fig. 1C) . A 256 longitudinal transect at x=-0.5 mm along the y-direction, i.e., the flow direction, showed 257 further indications of an apparent local "upwelling" of O2 into the transition zone between 258 the DBL and the fully mixed water column protruding downstream from the hyaline hair 259 tuft (Fig. 2) . We found such "upwelling" zones most pronounced under low flow located 260 ~2 mm downstream from the centre of the tuft and extending several mm into the water 261 column with O2 concentrations reaching up to >2 times air saturation in some cases (Fig.  262   2A) . 263
264
The DBL around multiple tufts of hyaline hairs 265 3D grid measurements of O2 concentration over a F. vesiculosus thallus with several tufts 266 of hyaline hairs spaced at approximately 2-5 mm distance were done to investigate 267 potential combined effects of multiple tufts on the DBL. Such measurements showed that 268 the smooth local thickening of the DBL around a single hyaline tuft relative to the DBL 269 of the smooth thallus was altered in the presence of multiple tufts (Fig. 3) . The DBL 270 topography was more heterogeneous with Z varying >1 mm reaching a maximum 271 thickness of >2.5 mm under low flow and >1.5 mm under high flow, respectively. The 272 DBL topography was apparently largely determined by the interaction between flow and 273 the tufts of hyaline hairs under low flow, while the smooth thallus surface topography led 274 to local minima in Z in-between individual tufts at higher flow velocity (Fig. 3B) . 275
Transects of O2 concentrations at x=1 mm (extracted from the 3D grids in Fig. 3A,B ) 276 gave a detailed information on how O2 concentration varied over the thallus with distance 277 along the thallus in the flow direction (Fig. 3C,D) . In light, the thallus surface O2 Comparing the O2 fluxes in transects over the F. vesiculosus thallus with single and 296 multiple tufts of hyaline hairs (Fig. 5A,B) showed an increased O2 flux just upstream to 297 the position of the hyaline hair tufts independent of the flow velocity. The flux values 298 generally correlated with the DBL thickness and the flux gradually decreased downstream 299 relative to the hair tuft. However, some local variations were seen in areas exhibiting less 300 uniform increases in O2 concentration towards the thallus surface. 301
The average O2 flux calculated from transects over F. vesiculosus thalli with single and 302 multiple hyaline hair tufts (Fig. 5C,D) showed that flow was the major determinant of gas 303 exchange between macroalga and the surrounding seawater. Both in measurements over 304 single and multiple hair tufts, the O2 flux values were higher in high flow treatments as 305 compared to low flow (p adj <0.001). The O2 fluxes measured around a single hair tuft 306 under high flow were higher than the corresponding measurements over multiple tufts 307 treatment ( Fig. 5C,D ; p adj <0.001). However, the flux values in the multiple tuft 308 treatments were averaged over a two times larger distance ( Fig. 5C; 12 mm) , and thus 309 include the combined effect of multiple tufts and DBL variation over these, while the 310 values of the single tuft treatments (Fig. 5D; 6mm In our measurements around single tufts of hyaline hairs, the DBL followed the contour 315 of the smooth thallus surface, except around the hair tufts where a thickening occurred 316 downstream of tufts and perpendicular to the flow direction, with a concomitant decrease 317 in the thickness 1-2 mm away from the hair tufts, depending on the flow-regime. 318
In measurements over multiple tufts, the smooth thickening of the DBL observed around 319 isolated single tufts was absent. This more dynamic DBL landscape is probably caused 320 by the close vicinity of neighbouring hyaline hair tufts, where the DBL thickness between 321 tufts never reach 'normal' conditions over a smooth thallus. Interestingly, this suggests 322 that the effect of multiple hair tufts overall increased the DBL thickness across the thallus. 323
Intuitively, a thin boundary layer would create physical conditions that could better avoid 324 high detrimental O2 concentrations and inorganic carbon limitations in light and O2 325 limitation in darkness. So why does Fucus spend metabolic energy on production of 326 hyaline hairs? In early work by Raven [11] , it was suggested that hyaline hairs aid in 327 nutrient uptake by having a highly decreased diffusion resistance over the plasmalemma 328 compared to the thick algal thallus, and in addition the hairs could protrude through the 329 viscous sublayer and into the mainstream flow with better nutrient access. However, as 330 pointed out by Hurd [14] , the thin and flexible hairs are considered unlikely to disrupt the 331 viscous sublayer and create turbulence themselves. Here we show that across a thallus 332 with multiple hair tufts, the overall DBL thickness is increased, which has a functional 333 significance similar to observed DBL effects of epiphytes on submerged macrophytes 334 [24, 25] . The thickening of the boundary layer thickness creates a mass transfer limitation 335 that in light can lead to high O2 concentrations [24, 26] potentially inducing 336 photorespiration [27] and limiting the inorganic carbon supply [28] to the thallus. 337
However, such mass transfer limitation would also maintain higher nutrient 338 concentrations due to surface-associated enzyme activity that can aid in the uptake of e.g. 339 phosphorous and other nutrients [14, 29] . 340
A thicker diffusive boundary layer over thalli with tufts of hyaline hairs could also create 341 a niche for epibiotic bacteria, and the presence of bacteria on algal thalli is well known 342 In some DBL transects measured on light exposed Fucus thalli, we observed areas of 357 enhanced O2 concentration detached from the boundary layer (Fig. 2) . In a previous study, 358 it was shown that nutrient uptake rates could increase 10-fold when the boundary layer 359 was periodically stripped by passing waves [36] . However, in our case the flow upstream 360 from the tuft was laminar and no waves or DBL stripping occurred. The observed 361 phenomenon of enhanced O2 above the DBL could be explained by a combination of 362 factors. As flow is obstructed by a physical object a differential pressure field is created 363 where a local drop in pressure is created around the hyaline hairs due to the locally smaller 364 cross section of unobstructed flow. Such pressure gradient could create a local advective 365 upwelling around the area of low pressure thus affecting the O2 transport. The phenomena 366 is well described in e.g. sediment transport [37] and plumes of O2 release have also been 367 observed before in coral-reef-associated algae Chaetomorpha sp. using planar optodes 368 [38] . 369
In addition, so-called vortex shedding (von Kármán vortex sheets) could also be a factor 370 influencing the observed O2 release. Shedding of vortices can occur at certain Reynold 371 numbers at the transition between laminar and turbulent flow when the pressure increases 372 in the direction of the flow, i.e., in the presence of a so-called adverse pressure gradient 373 We thus speculate that a combination of pressure gradient mediated upwelling of O2 and 383 vortex shedding (Fig. 6 ) could explain the observed phenomena in Fig. 2 . The local mass 384 transfer related to the presence of hyaline hair tufts on Fucoid macroalgae may thus be 385 more complex. A more detailed investigation of such phenomena was beyond the scope 386 of the present study and would clearly require more detailed characterization of the 387 hydrodynamic regimes over thalli with and without tufts of hyaline hairs. 388
In conclusion, our study of the chemical boundary layer landscape over the thallus of F. 389 vesiculosus revealed a strong local effect on the DBL over and around tufts of hyaline 390 hairs anchored in cryptostomata. Single tufts showed a thickening of the DBL 391 downstream and horizontally relative to the thinner DBL over the smooth thallus surface, 392 while areas with multiple tufts exhibited a consistently thickened DBL that may affect 393 gas and nutrient exchanges between the alga and seawater. Furthermore, we also observed 394 more complex solute exchange phenomena that were apparently driven by pressure 395 gradients and/or vortex shedding over the hyaline hair tufts. Altogether, this study 396 demonstrates that interactions between flow and distinct macroalgal surface topography 397
gives rise to local heterogeneity in the chemical landscape and solute exchange that may 398 allow for microenvironmental niches harbouring microbial epiphytes facilitating a 399 diversity of aerobic and anaerobic processes. The hair tufts were 2.5-3 mm in diameter and protruded 3-3.5 mm from the thallus. Both transects were adjusted to the thallus surface. The black arrow indicates the flow direction. Colour bars denote O2 concentration (in µmol O2 L -1 ). 
